So-called ''superhydrophobic" surfaces are strongly non-wetting such that fluid droplets very easily roll off when the surface is tilted. Our interest here is in understanding if this is also true, all else held equal, for viscoelastic fluid drops. We study the movement of Newtonian and well-characterised constantviscosity elastic liquids when various surfaces, including hydrophilic (smooth glass), weakly hydrophobic (embossed polycarbonate) and superhydrophobic surfaces (embossed PTFE), are impulsively tilted. Digital imaging is used to record the motion and extract drop velocity. Optical and SEM imaging is used to probe the surfaces. In comparison with ''equivalent" Newtonian fluids (same viscosity, density surface tension and contact angles), profound differences for the elastic fluids are only observed on the superhydrophobic surfaces: the elastic drops slide at a significantly reduced rate and complex branch-like patterns are left on the surface by the drop's wake including, on various scales, beads-on-a-string-like phenomena. The strong viscoelastic effect is caused by stretching filaments of fluid from isolated islands, residing at pinning sites on the surface pillars, of order $30 µm in size. On this scale, the local strain rates are sufficient to extend the polymer chains, locally increasing the extensional viscosity of the solution, retarding the drop.
Introduction
So-called ''superhydrophobic" [1] surfaces have drawn a great deal of attention in recent decades because of their potential technical applications such as ''self-cleaning" surfaces [2, 3] , frictionreduced surfaces for drag reduction (e.g., for hydrodynamically efficient ship design and ''drag-reducing" pipe flows) and icephobic [4] surfaces for wind turbine blades. Such superhydrophobic surfaces have often taken inspiration from nature, such as from lotus and rice leaves [1] . Ollivier [5] first reported contact angles of nearly 180°on a surface coated with hydrophobic powders. Coghill and Anderson [6] found that stearic acid drops can achieve a contact angle as high as 160°on a rough surface of galena. This latter study showed the connection between wetting properties and surface roughness. Since those early studies, a number of conceptual models have been proposed to explain and help understanding of this connection between roughness and wetting, such as the well-known Wenzel [7] and Cassie-Baxter [8] models. From an understanding of this relationship, many studies have shown that superhydrophobicity can be produced by creating a micro or nanoscale structure on surfaces. In practice, superhydrophobic surfaces can be created by numerous means including physical methods [9] [10] [11] , plasma methods [12] [13] [14] , chemical methods [15] [16] [17] [18] [19] [20] [21] [22] , laser processes [23] [24] [25] , photolithography [26] [27] [28] and polymer processes [29] [30] [31] [32] [33] [34] [35] . In this study, we create superhydrophobic surfaces by ''hot-embossing" a fine wire mesh (wire diameter and spacing are approximately 30 lm) onto a hydrophobic polytetrafluoroethylene (PTFE) surface. The negative of the mesh structure is impressed on the PTFE surface to create superhydrophobicity with an advancing contact angle above 150°and low contact angle hysteresis. In such a manner, we can create relatively large surfaces ($0.15 by 0.15 m 2 ) in a quick, inexpensive and reproducible way. Throughout this paper we shall refer to such surfaces as the ''xPTFE" surface.
One of the most famous and easily observed phenomenon of a superhydrophobic surface, the so-called ''lotus effect" [3] , is that small liquid drops can stand on such surfaces as an almost perfect spherical shape and move with apparently little to no effort. Although this phenomenon is simple to observe, it is difficult in practice to measure precisely when and how the drops begin to move. A range of studies have investigated the sliding [36] [37] [38] [39] [40] or rolling [39, 41, 42] of drops on various surfaces, but no study has investigated viscoelastic drops moving on superhydrophobic surfaces in detail so far. Note that, throughout this paper, we shall refer to the drops ''moving" rather than attempt to categorise the motion as rolling or sliding [36] [37] [38] [39] [40] [41] [42] . Le Grand et al. [36] studied millimeter-sized Newtonian drops (silicone oil) on partially wetting surfaces with a static contact angle around 50°. The shape and motion of drops are characterized in four stages with increasing velocity or capillary number (Ca ¼ gU=r, where U is velocity, g is viscosity, r is surface tension). At low velocity, the drops' contact line essentially maintains a round shape called the ''oval" stage. With increasing velocity, the drop shape becomes more complex including a so-called ''corner" transition stage and then onto ''cusps" and then ''pearling" at higher droplet velocities. Morita et al. [38] conducted a similar study but using two polymer solutions, a polystyrene of molecular weight M w = 280,000 g/mol in acetophenone. A small difference observed with the comparator Newtonian fluid is that the polymer drop moves faster at equivalent capillary number, which may be due to the shear-thinning nature of the solutions but the use of the zero shear rate viscosity in the estimation of the capillary number. In addition to these studies which have directly examined the problem of moving viscoelastic drops on various surfaces, a number of previous studies have investigated the somewhat related problem of viscoelastic droplets impacting upon superhydrophobic surfaces [43] [44] [45] [46] [47] [48] .
In this paper, following a short letter which we recently published [49] , we investigate moving viscoelastic drops on superhydrophobic and other surfaces in detail. In particular we examine a broader range of both surfaces and viscoelastic fluids, conduct additional analysis and use more refined imaging techniques than shown in our preliminary work [49] . In investigating droplet motion of viscoelastic fluids on superhydrophobic surfaces, an interesting phenomenon is observed. For water and other Newtonian fluid drops, the embossed structure on our superhydrophobic surfaces can reduce the friction by trapping air to form an airliquid interface when a drop moves over, meanwhile the large contact angle of our surface leads to a small contact area between the fluid drops and the surface. In addition, the low contact angle hysteresis for these Newtonian drops on the xPTFE surface allow rapid movement when the surface is inclined (at angle a) above the rolling-off angle, as expected [8] . In this study, viscoelastic effects on moving drops are studied by using constant-viscosity viscoelastic liquids, so-called Boger fluids [50] [51] [52] . These have particular advantages for studying the effect of fluid elasticity independently of shear-thinning. By careful design, Boger fluids and a comparison Newtonian fluid can have essentially the same properties such as shear viscosity g, surface tension r, density q, and advancing/ receding contact angle h adv /h rec on a given surface. When the drop moves on a hydrophilic surface, for example smooth glass, we find essentially no difference between the motion of these elastic liquids at identical capillary number and effective Bond number (Bo ¼ ðV 2=3 qg Á sin aÞ=r) where g is the gravitational acceleration.
However, when a Boger fluid drop moves on our superhydrophobic surface, the velocity is significantly reduced in comparison with the Newtonian fluid at equivalent viscosity, and complex ''branch-like" patterns, ''beads-on-a-string" like phenomenon [53] , are left on the surface. Such profound differences imply a complex mechanism during the motion of viscoelastic drops on superhydrophobic surfaces. In this paper we investigate this phenomenon in detail and on various scales (µm-mm).
The structure of the paper is as follows. Firstly, we describe the experimental set-up, including the manufacturing technique for our surfaces and the rheology of our working fluids. Subsequently, we describe extended results on the hydrophilic surface using a broader range of fluids and new results on a weakly hydrophobic surface followed by extended data for the xPTFE surfaces. In addition, we use enhanced SEM imaging to obtain greater insight into the surface structure and the underlying physical mechanism than was possible using standard light microscopy [49] . Finally, the paper ends with a short conclusions section.
Materials and methods

Manufacture of xPTFE surfaces
Many studies [9, 10, 12, 18, 25] have shown that superhydrophobicity can be produced by creating a rough structure on an initially-smooth polytetrafluoroethylene (PTFE) surface. In this study, a simple and inexpensive method is used to create superhydrophobicity on PTFE surfaces. Our approach is to use a very fine stainless steel mesh, the diameter of the mesh wire being tens of microns, as a model to emboss the PTFE sheet to create regular surface patterns. In this study, the embossing mesh has a wire diameter of 30 µm and wire density of 400 wires per inch. Prior to embossing, the PTFE sheet is cleaned with water, detergent and finally ethanol before being sanded using sandpaper to soften the surface sufficiently for the embossing process. Then the mesh is placed onto the PTFE sheet and sandwiched in between two 12 mm-thick stainless steel plates, 10 G-clamps were applied to hold the plates to provide uniform high pressure. Then the sample is heated in an oven at 350°C, slightly higher than the quoted melting temperature of PTFE (328-346°C [54] ), for 3 h and allowed to cool down to room temperature for 8 h prior to removing the mesh which we found to be a useful measure in creating secondary roughness features. We observed no difference in the wetting properties of samples created in the oven with or without vacuum. The negative of the mesh is then embossed onto the PTFE surface, and Scanning Electron Microscopy (SEM) imaging is undertaken to show that the surfaces exhibit a pillar/brick-like structure which has an average size of 32 by 32 µm, the open area ratio (i.e. ratio of potential liquid-air interface to total area) is around 72% as shown by the SEM images for all surfaces used in Supplementary Materials Fig. S1 . More complete information on how we obtained the SEM images are also given in the Supplementary Materials. Moreover, SEM also confirms that the embossing process does not significantly change the PTFE structure on top of the pillars/ bricks when compared to the native PTFE sheet (compare Fig. S1 (b) and (d) for example). Superhydrophobic PTFE sheets with brick-like regular micro-structure and overall maximum size of 15 cm by 15 cm, limited by the dimension of the oven used, were created after this process. Static drops of Newtonian and Boger fluids have similar advancing/receding contact angles on the xPTFE surface being measured as about 150°/135°respectively using a fluid addition/removal method described in more detail in the Supplementary Materials, giving a contact angle hysteresis of about 15°for both fluids as shown in Table 1 . The water drops can easily move-off the xPTFE surface due to the superhydrophobicity as expected as shown in supplementary movie #1. In order to isolate any potential effects of the surface structure, a weakly hydrophobic surface, a polycarbonate, was also embossed using the same mesh as used to emboss the xPTFE but at a lower temperature ($125°C). The resulting surface has an advancing contact angle ($92°) and contact angle hysteresis ($38°) for both Newtonian and Boger fluids, which is not significantly different to the untreated polycarbonate surface, as is also shown in Table 1 .
Preparation of working fluids
Three Boger fluids, referred to as Fluids B1, B2 and B3, and a comparator Newtonian fluid, referred to as Fluid N1, were prepared in this study based on polyethylene glycol (PEG) ( Table 2) . Polyethylene glycol is a water-soluble polymer and has a large range of molecular weight from thousands to millions g/mol depending on different lengths of the molecular chain (above 20,000 g/mol it is termed polyethylene oxide ''PEO"). The PEG solution exhibits practically no shear-thinning or elastic effects due to its low molecular weight, and produces a viscous Newtonian solution when dissolved in water. After adding a small amount of a high molecular-weight PEO polymer to a high concentration PEG solution, the water-PEG-PEO solution becomes a strongly-elastic Boger fluid [51] . More details on the fluids used can be found in the Supplementary Materials (Section S1.2).
Rheology of working fluids
Because the moving drop experiments were conducted at room temperature which varied slightly day to day (17-20°C), the rheological profiles at different temperatures were measured in order to match exactly the experimental conditions. The shear viscosities of the four fluids were measured by an Anton Paar MCR 302 controlled-stress rheometer using a 60 mm diameter 1°cone-plate geometry at 17°C and 20°C, (shown in Fig. S2 in the Supplementary Materials). The relaxation time of the Boger fluids were measured using a Capillary Break Up Extensional Rheometer [55] (CaBER) at different temperatures. Details of the CaBER technique are provide in the Supplementary Materials (Section S1.2).
The working fluid characterisation includes viscosities, densities, surface tensions, and relaxation time of the four experimental fluids are listed in Table 2 . As can be seen in Table 2 , the four fluids have similar viscosities around 285 mPaÁs at 20°C when the shear rate is above about 5 s
À1
. The CaBER measurements show the relaxation timek of these Boger fluids have a large range from 0.2 s to 2.5 s and the extensional viscosity (not shown) also increases with the polymer molecular weight from 500 PaÁs for Fluid B1 to over 10,000 PaÁs for Fluid B3 (i.e., for Fluid B3 very similar to that measured in Oliveira and McKinley [53] ). Fluids B2 and B3, which have the highest molecular weight, show a high elasticity and slight shear thinning especially at low shear rates. Meanwhile, the densities and surface tensions are very similar for all fluids due to the similar concentration of PEG and the same chemical components of the four solvents.
Inclined plate and drop motion recording system
An adjustable acrylic inclination platform was built to conduct the moving-drop experiments. The platform is fixed on a table and adjusted to the desired angle. Then the drops were placed on the test surface using a syringe pump to accurately control the drop volume. The flow rate of the syringe pump is carefully controlled at a very slow speed (10 lL/s) to prevent any potential degradation of the polymer solutions via shear. The surface is then impulsively tilted and the droplet motion recorded using a camera (Nikon D5300) at 30 frames per second. The recording continues for at most 5 min, which avoids any significant influence of evaporation, and each experiment is repeated at least three times (a schematic of the setup is shown in Supplementary Materials as Fig. S4 ). In between each moving drop experiment the surface was gently cleaned with water and ethanol and then allowed to dry naturally. The recorded videos were post-processed using ''Tracker" [57] , to determine the steady-state droplet velocity. Hydrophilic smooth glass surfaces, microscope slides which were pre-cleaned and single use ''as delivered", were used to directly compare with the hot-embossed superhydrophobic xPTFE surfaces. The advancing and receding contact angles for all of the test fluids on these glass surfaces are 54°and 11°respectively, as shown in Table 1 . In addition, a weakly hydrophobic surface, a polycarbonate but embossed by the same mesh as used to emboss the xPTFE, was investigated as well to isolate any potential effect of the surface structure on the observed phenomena.
Results and discussion
Hydrophilic and weakly hydrophobic surfaces
Most surfaces in nature are hydrophilic [58] , for example smooth glass surfaces, for such surfaces the contact angle is lower than 90°. Two Boger fluids, Fluids B2 and B3, and the Newtonian comparator, Fluid N1, with different controlled volumes of 50, 75 and 100 lL were tested on the smooth glass surface. The inclination angle of the surfaces was varied from 19°to 27°. In general, the Newtonian and Boger fluid drops behave very similarly on the smooth glass surfaces: they flow slowly, and leave a wide thin-film behind which indicates a close to zero receding contact angle. The velocity of the ''drop" ranges from 0.05 mm/s for the lowest inclination angle and smallest volume to 0.8 mm/s for the highest inclination angle and largest volume. The data is plotted as velocity verses inclination angle in the Supplementary Materials as Fig. S5 where it can be seen that the velocity of the drops which have the same volume varies linearly with the inclination angle.
Although the viscosity of the Boger fluid is approximately constant with shear rate in most cases, a slight shear-thinning effect can be observed at very low shear rate (<5 s
À1
). By adjusting the viscosity value based on a shear rate corresponding to the drop's moving speed and size ($0.01 s À1 ), we can plot the data as capillary number versus Bond number, shown in Fig. 1 , and all the data sets approximately collapse. This result is in agreement with previous studies [36, 38] , and this linear relationship between Ca and Bo with a non-zero intercept indicates a force balance between viscous force, gravitational and resistance caused by contact angle hysteresis. Even though the flow field inside the drop is complicated [39] while the drop is moving on the surface, under the relatively slow velocities observed here, the flow field may be considered as laminar and steady. For a deformed drop as it moves, viewed from above, it is possible to use either of the two primary axes to calculate an appropriate lengthscale (or an average of the two). However, for a drop leaving a film behind, as seen here, such calculations will likely be poor estimates. As a consequence, for simplicity we assume the drop is a hemisphere of radius r. Although we expect that the shear rate increases to infinity as the contact line is approached (because the height goes to zero), we try to capture that effect here by assuming that the drop's velocity will vary over some small distance d which is proportional to this radius (expecting the constant of proportionality c to be << 1):
And the contact area is then:
The viscous force can then be roughly estimated as
If we assume the volume of the drop is a hemisphere, the gravitational force is then:
The resistance caused by contact angle hysteresis F h is:
If the viscous force balances with the gravitational force and contact angle hysteresis force, 1) . We note that, although the above analysis is rather simplified [59] , the functional form of Eq. (7) is identical to others previously derived using more exact approaches [36] [37] . This result demonstrates that under this experimental condition, the capillary number should be approximately proportional to the Bond number, and the slope is a constant for a particular surface somewhat analogous to a ''friction coefficient", independent of the size or viscosity of the drop. The nonzero intercept of this linear curve is caused by the contact angle hysteresis. Based on this analysis the linear variation shown in Fig. 1 indicates the dominant forces achieved on the drop for these conditions are gravity, contact angle hysteresis and viscosity. Fitting the data shown in Fig. 1 can be used to estimate the value of the constant ''c" and, as it can be determined separately from both the slope and the intercept, provide an indication of the internal consistency of the scaling analysis above. Doing so, assuming the receding contact angle is zero, gives values of c equal to 0.0092 and 0.010, calculated from the slope and intercept respectively. It should be noted that in the analysis above, and indeed throughout the paper, we do not try to account for the variation of the contact angle with the droplet velocity (i.e. by trying to define so-called ''dynamic" contact angles). This is because previous studies of dynamic contact angle measurements of Newtonian fluids on superhydrophobic surfaces [48] showed that there was no variation of the advancing contact angle and only a very weak variation of the receding contact angle with contact line velocity or capillary number (h R $ Ca 1/9 instead of the expected dependency of h R $ Ca
). When a structure is created on a hydrophilic surface, the Wenzel state liquid-solid interface makes the surface more hydrophilic and could introduce some additional ''friction" while drops move on the surface, acting like structural ''roughness" elements [60, 61] . To compare with the xPTFE surfaces which have a microscale brick-like surface structure, a polycarbonate plate was embossed by an identical mesh using a similar hot-embossing technique. The surface structure was observed using a microscope, and was found to be similar to the xPTFE structure (see Fig. S1 in Supplementary Materials). The velocity data for this embossed polycarbonate surface is shown in the Supplementary Materials as Fig. S6 , and the velocities can be seen to be slower compared to the results on the smooth glass surface. The Boger fluid drops, much as was observed on the smooth glass surfaces, behave no differently to the Newtonian drops. In addition, all the data sets collapse in an approximately linear way when plotted as Ca versus Bo, as shown in Fig. 2 . The intercept of the curve is close to the smooth glass data due to the similar level of contact angle hysteresis for the two surfaces ($38°for polycarbonate and $43°for glass), but the slope is lower compared with the smooth glass results which is expected given the additional roughness introduced (c in this case is equal to 0.0057 and 0.0053, calculated from the slope and intercept respectively).
Superhydrophobic surfaces
In contrast to hydrophilic surfaces, the contact angles on superhydrophobic surfaces are much higher than 90°, therefore the surface tension acts to reduce the contact interface area. In addition, the contact angle hysteresis is quite small (<15°) and, as a consequence, the drops can move much more easily than on hydrophilic and weakly hydrophobic surfaces such as those discussed in Section 3.1. This is especially so on superhydrophobic surfaces which have typical contact angles higher than 145° [1] , the speed of movement is often over 10 times greater than that on hydrophilic surfaces. On the superhydrophobic xPTFE surfaces, the velocities of our Newtonian drops were slower than the maximum wetting speed [36, 62] hence no instability is observed and no threads are left behind for these drops. In contrast, the Boger fluid drops are slowed down significantly compared to the Newtonian drops and there are complex ''branch-like" and ''beads-on-tail" structures left behind, as shown in Fig. 3 and supplementary movie #2, which indicates a distinctive mechanism for such elastic fluids on superhydrophobic surfaces in comparison to equivalent Newtonian fluids. 
Video 2
Two Boger fluids, Fluids B1 and B3, and a Newtonian comparator Fluid N1 were tested on the xPTFE surfaces. The volumes of the drop were controlled via a syringe pump as 50, 75 and 100 lL and the inclination angle of the surfaces is varied from 19°to 27°. The velocity versus inclination angle data is shown in the Supplementary Materials as Fig. S7 . The velocity of the Newtonian drops is much higher than that of equivalent volume drops on hydrophilic surfaces, the range is from 2 mm/s, at lowest inclination angle and smallest volume, to 15 mm/s at the highest inclination angle and largest volume. For the Boger fluid drops, the velocity is much lower than the Newtonian drops, being reduced by nearly 50% for the low elasticity fluid (Fluid B1) and 85% for the highlyelastic fluid (Fluid B3). If plotted as Ca versus Bo, shown in Fig. 4 , the data sets collapse for each type of fluid respectively, but the data from different fluids do not collapse onto a single master curve as was observed for the smooth and rough hydrophilic surfaces. Assuming identical viscous forces, the three slopes indicate three different ''friction coefficients" on the same surface, and the only difference between these fluids is the level of elasticity. We note here that our Newtonian drops are initially larger than the capillary length and therefore this linear scaling is expected [41] . Comparing the data of Fluid B1 and B3 which have different elasticity, the larger elasticity exhibits a larger ''friction coefficient", which means the elasticity essentially increases the ''friction" and slows the drops down more. After calculating the apparent viscosity, shown in Supplementary Materials as Fig. S8 , by comparing the sliding velocity of Boger fluid drops to the Newtonian drops (assuming the resistance is caused solely by higher apparent ''viscosity"), for the lower molecular weight Boger fluid (Fluid B1) its apparent viscosity is almost 2.5 times the Newtonian one, for the higher molecular weight Boger fluid (fluid B3) its apparent viscosity is as high as 7 times the Newtonian drop at low speeds and decreasing to 2.5 times when the Bond number is over 1.4. Meanwhile, if we estimate a Weissenberg number (Wi ¼ _ c Á k) to examine the effect of elasticity, we note that the speed of smaller Boger drops on the xPTFE surface is roughly similar to large drops on smooth glass surface. This suggests that they have the same range of ''global" Weissenberg number Wi ($0.8), which based on drop speed and drop radius ($2-4 mm) or capillary length ($2.2 mm) in these experiments, but as we have demonstrated in Section 3.1, there is no effect of elasticity observed on either smooth glass or embossed polycarbonate surfaces. This suggests elastic effects, which were only observed on the xPTFE surfaces, cannot be explained as a ''bulk" effect even though the Weissenberg number is order one on both smooth glass, embossed polycarbonate and superhydrophobic surfaces. Considering the micro-scale structure of the xPTFE surface and the ''branch-like" tail of the Boger fluid left by the moving drop, we suspect that the strong elastic effect might possibly be caused by a micro-scale mechanism i.e. interaction between the fluid and the surface on the scale of the brick-like structure ($30 lm). In order to gain more insight into this phenomenon, we used both light microscope (Nikon Epiphot TME) and SEM to investigate the ''branch-like" structures on the drop's ''tail", as is shown in Fig. 5. 
Micro-scale filaments extension
Using microscopy to investigate the ''branch-like" structure which is left behind the drop, under the optical microscope, it is shown that filaments connect the isolated micro-scale size droplets pinned to the pillars that form the surface structure (size on the order of 30 lm), as can be seen in Fig. 5(a) . Using SEM, which benefits from higher resolution and better depth of field, the surface structure and droplets were more clearly observed. However, the solvent evaporates due to the fact that the samples have to be placed in a vacuum chamber during the SEM investigation. Although only dried polymer was observed, the drops and the filaments connecting between them are still clearly observable as shown in Fig. 5(b)-(d) . This suggests that during the drop's movement on the xPTFE surface, while the drop is passing over the pillar, some of the fluid is ''pinned" on the sharp corner of the pillar to form a separate droplet still connected to the main drop via a filament. We posit that, within this stretching filament, the local strain rate is sufficient to extend the polymer chains between the micro scale drop and the main drop. The extending chains increase the extensional viscosity locally in this filament, slowing down the drop and leaving behind the ''branch-like" structure when the filaments finally breaks due to capillarity. Kumpfer and McCarthy [56] studied a comparable mechanism on similar superhydrophobic surfaces, but only for water. Their study shows the microdroplets can be produced at pining sites on this kind of surface and then rapidly evaporate corroborating this picture. The extension of the filaments provides a tensile resistive force to the main drop and that is the reason why the Boger fluid drops are significantly slowed down compared to the Newtonian drops, very much akin to a series of ''bungy" ropes pulling against the main drop. For this to be true, the filament break-up time s b % g E d=r must be longer than the time for the drop to reach to the next pillar, s c ¼ w=U. Here w ¼ 2d is the spacing between pillars. Therefore, a minimum extensional viscosity of g E > 2r=U % 100 PaÁs is required for this to form stable filaments between the pillar and main drop, from the CaBER measurements the extensional viscosities (500 PaÁs and 10,000 PaÁs) of the two Boger fluid used in this study are much larger than this requirement. To estimate the resistance force from the extension of these filaments, as shown as a cartoon in the inset in Fig. 4 , the resistance force resulting from extensional viscosity can be approximated as F EV ¼ g E _ ekA, where _ e ¼ U=w is the extension rate, k is the probability of Boger fluid attaching on the pillars of the surface structure, and A ¼ pd 2 n=4 is the total area of the pillars through the receding contact line of the drop, where n¼D=2w is the number of pillars along that line. Then the force becomes
where Tr ¼ g E =g is the Trouton ratio. As the geometry of the surface features appears to cancel out from this expression, we expect the probability for fluid to remain attached (k) will not be a constant but be dependent on the precise size and layout of the embossed features. From microscope images, it can be seen that k is on the order of 0.1 for this surface and the resulting extensional force from the extension of the filaments is then on the same order of magnitude as the gravitational force and shear viscosity force. The extension process of these filaments causes some of the fluid to be slowed down, and form an elongated tail. The resulting ''beads-on-a-tail" phenomenon then occurs possibly by a similar instability mechanism as observed in capillary break-up experiments [63] and ink-jetting processes [64, 65] . Experiments on the weakly hydrophobic (polycarbonate) surface with a similar micro-scale structure, discussed in Section 3.1, do not exhibit these phenomena. In addition, similar experiments were conducted on another superhydrophobic surface. This surface is manufactured by using an ethanolic suspension of perfluorosilane-coated titanium dioxide particles and has a random surface texture [22] . Similar phenomena, i.e. slowed down Boger fluid drops and ''beads-on-tail" residue, were observed on these superhydrophobic surfaces also indicating the robustness of our observations for different superhydrophobic surfaces. In totality, these combined results indicate that roughness alone is insufficient to create this mechanism but that the combination of hydrophobicity with surface topology (the hallmark of superhydrophobic surfaces), are both required to observe such striking phenomena.
Conclusions
Under our experimental conditions, Boger fluid drops with very high elasticity but otherwise identical properties show no difference compared to Newtonian fluid drops while moving on hydrophilic glass surfaces. The main force balance in such cases is between viscosity, gravity and contact angle hysteresis. In addition, embossing structure on a weakly hydrophobic polycarbonate surface only increases the ''friction", retarding the speed of the drops, but is otherwise unremarkable. These results are in approximate agreement with the limited previous results of droplet motion of non-Newtonian fluids [38, 40] on such surfaces.
On the basis on many previously reported studies on the wetting properties of so-called superhydrophobic surfaces [1] [2] [3] it would be anticipated that fluid droplets placed on the surface would rapidly roll-off the surface when impulsively tilted above some critical angle [41, 42] . This work has highlighted that, although this is true even for quite viscous Newtonian droplets ($280 mPaÁs or 280 times more viscous than water), it is certainly not true for highly-elastic viscoelastic fluids even when the shear viscosity, density and surface tension is matched to the Newtonian fluid drop. On superhydrophobic surfaces (hot-embossed xPTFE), the elastic drops move at a significantly reduced rate (up to $85% reduction). ''Branch-like" structures were left behind the drop and a ''beads-on-tail" instability forms on that tail. Thus significant fluid residue is left on surfaces which are nominally ''nonwetting". Even though a ''global" Weissenberg number, based on drop speed and droplet radius or the capillary length, is order one this cannot fully explain such pronounced viscoelastic effects as at similar Weissenberg numbers on other surfaces no differences were seen. Using optical microscopy and SEM, a phenomenon was observed which indicates the local extension of single filaments between the main drop and micro drops pinned on individual surface pillars producing significant resistance to the drop's motion. This phenomenon requires the combination of both surface topology and hydrophobicity (i.e. the surface to be superhydrophobic). In addition, the higher elasticity provides a larger resistance force from this effect.
Our results presented here, in combination with our limited preliminary results [49] , are the first to indicate that ''super hydrophobic" surfaces may lose some of their beneficial properties when interacting with elastic fluids. The limited previous studies of droplet motion of non-Newtonian fluids [38, 40] , admittedly only on smooth hydrophobic and weakly hydrophobic surfaces, would not have suggested any such extravagant effects with non-Newtonian fluids with these cases indicating only subtle differences. Our results indicate that, even if for such viscoelastic fluids they exhibit high contact angles and low contact angle hysteresis, such surfaces may not be ''non-wetting" for viscoelastic fluids as significant fluid residue is left behind. Given the large interest in such superhydrophobic surfaces e.g. [66] [67] [68] [69] , and their many potential practical applications, our results should be of wide interest as these surfaces may not respond as expected when interacting with viscoelastic fluids. This is especially important for any potential applications as many fluids used in practical coating flows are viscoelastic (e.g. paints, inks), as are many biological liquids.
Future work in this area should investigate a broader range of superhydrophobic surfaces and viscoelastic fluids (including, for example, shear-thinning effects) to determine the ubiquity of the phenomena observed here. We have made a tentative effort in this direction, using superhydrophobic surfaces made from TiO 2 [22] , and these surfaces were also observed to exhibit similar effects. Finally, it may be possible to utilise this striking phenomena to quantify viscoelastic effects by relating speed reduction on the surface at a given angle to, say, the fluid's extensional viscosity.
